Dielectric barrier discharge (DBD) plasma in air, a kind of non-thermal plasma, can disinfect the surface of a wound and enhance blood clotting without tissue damage. The purpose of this study was to design a prototype of a new, easily portable, DBD plasma device for first aid. In our prototype, the plasma discharge could be adjusted by changing frequency and using the pulse width modulation (PWM) function from a microcontroller. An electrode, coupled with the surface micro discharge (SMD) technique, reduced current leakage passing through the body. While the Lissajous standard method was utilized to measure the energy consumption per cycle, the optical emission spectroscopy approach analyzed the elements of plasma generation in ambient air. The prototype was convenient to carry and the amount of plasma discharge (containing the activated species O, OH, O 2 -, O 3 , N 2 , N 2 +) was easily varied to affect microorganisms and tissue.
INTRODUCTION
High voltage in the gap between two plane-parallel metal electrodes, in which at least one of them is covered by a dielectric layer, produces DBD plasma (Figure 1) (Priyadarshini, 2013) . The dielectric barrier is made of a material of low dielectric loss and high dielectric strength: such as glass, quartz, or ceramics (Fridman and Friedman, 2013) . To ignite plasma between the electrodes, the electric field across the two electrodes must be high enough to cause dielectric breakdown of the gases in ambient air. The minimum breakdown voltage calculated from the Townsend avalanche and the Paschen curve is about 3 kV/mm (Lieberman and Lichtenberg, 2015) . DBD plasma is a relatively novel technology, environmentally friendly, and safe for humans. Previous studies have shown that it could be used directly on human tissue without damage or pain (Fridman et al., 2006) . DBD plasma in air has been shown to effectively reduce wound healing time through many factors, including clotting, decontamination, anti-inflammatory, and healing processes (Fridman and Friedman, 2013) . This has allowed for development of devices for treating wounds in a hospital, on a battlefield, and at home. Many kinds of non-thermal plasma devices already exist for healthcare and laboratory use. However, few multi-functional devices are truly mobile. For example, PlasmaDerm VU-2010 (CINOGY GmbH Duderstadt, Germany), a commercial plasma device for treating wounds, must be powered by an external power source and, therefore, has limited mobility. Likewise, a battery-operated atmospheric-pressure plasma wand (Pei et al., 2014) and a solar powered handheld plasma device (Ni et al., 2016) , although mobile, operate at a single frequency only; in addition, their sizes are inconvenient to carry and their batteries require cannot be recharged by a 5-V mobile phone charger.
The production of plasma discharge depends on the behavior of electrons, which can be modified by adjusting the voltage and frequency of electric current. While the electron temperature depends on the potential between the electrodes, the electron density is influenced by the excitation frequency (Keida and Beilis, 2013) . The voltage-current relationship and the mean-power consumption of plasma discharge can represent the differences between plasma discharges. The surface micro discharge (SMD) technique, a grounded mesh electrode embedded on the outer surface of the dielectric-covered high voltage electrode, reduces the micro current passing though the body (Li et al., 2012) . This technique also aids in the design of larger and more flexible plasma electrodes, as plasma is generated in multiple microdischarges around each line of the grounded mesh electrode (Isbary et al., 2013) . Emmert et al. (2013) demonstrated that the typical species in air-plasma, including reactive oxygen species (O, OH, O 2 -, and O 3 ) and reactive nitrogen species (N 2 , N 2 + ), play a part in enhancing wound healing. Hence, optical emission spectroscopy (OES), a method to analyze the wavelengths of photons emitted by atoms or molecules during their transition, is necessary to determine the composition of plasma discharge (Keida and Beilis, 2013) .
The goal of this study was to produce a prototype of a new DBD plasma device that could control the production of plasma discharge for a variety of plasma treatments and could be powered by 3.7 V Lithium-ion batteries to enhance portability. (Priyadarshini, 2013) .
MATERIALS AND METHODS

Electrical design
As our prototype device was designed to be powered by a 3.7 V Lithium ion battery, the voltage must be stepped-up in three steps ( Figure 2 ). The first boosts the voltage from about 3.7 to 12 V DC and the second amplifies the pulse signal from 5 to 12 V DC before going to the high-voltage transformer. The last step increases the amplitude of the pulse signal through a high-voltage transformer to get an alternating high-voltage output. The highvoltage transformer is a fly-back transformer operating at a frequency of about 15-40 kHz. Additionally, the design used an Atmega168A microcontroller to generate a controlled pulse signal that could be varied effortlessly along a wide range of frequencies (1 Hz -1 MHz). The microcontroller can adjust the energy for each cycle of pulse signal, owing to the function of pulse width modulation (PWM), a well-known technique for controlling analog circuits with a microcontroller's digital outputs (Barr, 2001) . Repeating a series of on-off pulses regulates the voltage or current supplied to the analog load. For each cycle, the longer the circuit is turned on, the more power it gains; the percentage of 'on-time' is represented by the duty-cycle value. Using the PWM technique, the amplitude of the high-voltage output is easily varied.
An LCD block and buttons allow the user to control the device; a 5-V regulator circuit supplies power to this and the microcontroller block (Figure 2 ). The gate driver circuit uses a TLP 250 photocoupler to isolate the low voltage area from the high voltage area, preventing damage to the circuit. Likewise, a Snubber protection circuit is placed across the Mosfet semiconductor component; this provides protection and improved performance (Marty, 1990) . The Lithium batteries are protected from overload or overcharging by a battery-charging protector circuit and a microcontroller that detects the battery charge level. 
Electrode and cover design
The electrode of the prototype device is an indirect plasma electrode that uses SMD technique. It consists of a planar core, a dielectric barrier, a mesh, and a cover (Figure 3) . The planar core is made of copper (55×17×0.2 mm), the dielectric barrier is made of borosilicate glass (60×22×1 mm), the mesh is made of stainless steel, and the cover is made of polylactic acid (PLA). The Inventor program was used to design the size and shape of the electrode (70×30×20 mm). Additionally, the body of the device was designed to be comfortable to hold. The models were built with a Makerbot Replicatior+ 3D printer using PLA filament. 
Programming
A program was created for the Atmega168A microcontroller to detect the battery charge level and provide the user interface. The flow chart in Figure 4 shows the program's algorithm. 
Measurement methods
Electrical characterization. The high-voltage output was measured by a high-voltage probe (FLUKE model, maximum 40 kV); the current waveforms were recorded by measuring the voltage across a 100 Ω resistor connected in series with the electrode (Figure 5 ). To measure the discharge at the electrode, the resistor was replaced by a 3-nF capacitor. The discharge energy per cycle was calculated based on the area of the charge-voltage Lissajous figure (Kostov et al., 2010) . The mean power consumption was calculated by multiplying the energy of each cycle by the source frequency (Mahoney et al., 2010) . The charge-voltage Lissajous figure is a standard method for the electrical diagnostics of DBD discharges (Jiang et al., 2013) . All results were recorded by Agilent InfiniiVision DSO-X-2002A oscilloscopes. 
Optical Emission Spectroscopy (OES).
Each particle species in plasma emits a characteristic set of discrete wavelengths, depending on its electronic structure; thus, collecting wavelength data can help determine the plasma composition. The wavelengths of photons emitted by atoms or molecules during their transition can be inspected by optical emission spectroscopy (Keida and Beilis, 2013) . This study used an AvaSpec-2048 photometer that was calibrated by a wavelength generator from Ocean Optics.
RESULTS
Prototype of device
The size of the prototype device was 150×70×30 mm; it weighed 200 grams. The user controlled the prototype through a multifunctional rotary button, and received feedback via an LCD display ( Figure 6 ). The battery was recharged using an android phone charger. Given these characteristics, the prototype was mobile, convenient, and easy to handle. 
Electrical properties
The prototype of the device produced a stable high-voltage output within a frequency range of 15 to 40 kHz. Raising the duty cycle increased the voltage until it reached its 'saturated voltage amplitude'. Each frequency had a duty cycle where the output reached the saturated voltage amplitude, as shown in Figure 7 . Lower frequencies tended to saturate sooner. For example, frequencies from 15 to 20 kHz reached saturation voltage at 20 % duty cycle, while frequencies from 25 to 35 kHz reached saturation voltage at 30 % duty cycle. Figure 8 presents the results of the voltage-current output and Lissajous figure for frequencies from 15 kHz to 35 kHz. The voltage amplitude (Vpp) reached its highest value at 15 kHz; it decreased with increasing frequency. Likewise, the mean-power consumption of the plasma reached its highest value (3.4 W) at 15 kHz and gradually reduced as the frequency increased. The electric currents recorded across the 100-Ω resistor did not exceed 50 mA. Due to the function of PWM, regulating the duty cycle modified the voltage amplitude. Figure 9 shows the results of various duty cycles at 25 kHz. 
Plasma characteristics
As measured by OES, the studied device produced both reactive nitrogen species (N 2 , N 2 +) and reactive oxygen species (O, OH, O 2 -and O 3 ) for wound treatment. While O and OH are seen in Figure 9 , ozone (O 3 ) is a product from the combination of a single O atom with an oxygen molecule (O 2 ) (Misra et al., 2015) . The line intensity of the 30-kHz OAS results was larger than that of 25 kHz. Similarly, at each frequency, higher duty cycles yielded the most significant results; hence, the darkest lines dominated the rest. 
DISCUSSION
The results demonstrated that the prototype device developed here could vary the frequency and duty cycle of electrical power to produce DBD plasma discharges; both influenced the voltage amplitude of the output, as shown in Figure 7 . Thus, when the device was set to a specific frequency, the voltage amplitude could be varied by adjusting the duty cycle. To maximize device performance, the saturated voltage amplitude could be preset at each frequency. Based on the voltage-current relationship in Figure 8 , plasma discharge increased at higher frequencies (Dragonas et al., 2015) . While the frequency influenced the number of plasma discharges, the voltage amplitude determined the level of energy per pulse. Similar to Jiang et al. (2013) , the energy per pulse of the prototype, calculated from the Lissajous figure in Figures 8 and 9 , was directly proportional to the applied voltage amplitude. More energy was injected into the gas to generate plasma discharge when a higher voltage amplitude was applied (Khatun et al., 2008) . This induced a more uniform and intense surface discharge (Jiang et al., 2013) . When the voltage amplitudes were the same, such as 4.9 kV at 25 and 30 kHz, more frequency-excitation created a larger mean-power (Khatun et al., 2009 ). Because of its variable power consumption, the device prototype was able to produce a variety of plasma discharge doses for different treatments (Chutsirimongkol et al., 2014) . This is the first battery-operated plasma device capable of varying the plasma discharge.
The OES results demonstrated that regulating both voltage amplitude and frequency in the prototype device influenced plasma generation in ambient air. Although the OES measurements could not provide the concentration of reactive species, based on the line intensity and number of excited species (peak), they showed that the device efficiently produced active and excited particles (Chiper et al., 2004) . The larger line intensity at 30 kHz than 25 kHz represented a more efficient production of plasma discharges; the frequency of the electrical field affected the number of plasma discharges, as well as the collisions between electrons and heavy particles, a key factor in ionization (Tendero et al., 2006) . On the other hand, the amplitude of applied voltage influenced the electron temperature; this is a determinant affecting various heavy particles (Keida and Beilis, 2013) . Thus, applied voltages with larger amplitudes increased the number of peaks in the OES results. This was seen in the OES results at 25 kHz, which had more peaks than 30 kHz, given its higher voltage amplitude.
The OES results proved that both reactive nitrogen species (N 2 , N 2 +) and reactive oxygen species (OH, O, O 3 ) were found in the ambient plasma discharge of the prototype device. These activated species are crucial for wound healing (Emmert et al., 2013) .
CONCLUSION
This study produced a prototype of a truly mobile and convenient battery-operated plasma device for first aid. By varying the power consumption of plasma discharge, the prototype potentially controlled the plasma treatment dose, making possible many kinds of applications in research and medical care. The OES results showed that the plasma discharge in ambient air produced activated species important to treating wounds and that this discharge could be regulated by adjustments of frequency and duty cycle.
